The role of membrane potential in most intracellular organelles remains unexplored because of the lack of suitable probes. We describe a DNA-based fluorescent reporter that 20
quantitates membrane potential and can be targeted to specific organelles in live cells. It is equipped with a voltage sensitive fluorophore, a reference fluorophore for ratiometric quantification, and acts as an endocytic tracer. We could thereby measure the membrane potential of different intracellular organelles in living cells, which has not been possible previously. Our understanding of how membrane potential regulates organelle biology is poised 25 to expand through the use of these new sensors.
One Sentence Summary: Using a DNA-based voltmeter we can non-invasively measure the membrane potential of specific organelles in live cells.
Main Text:
Membrane potential is a key property of all biological membranes and underlies how 30 membranes transduce chemical signals. It is therefore a fundamental signaling cue in all cells. (1) (2) (3) (4) (5) . Although the membrane potential of the plasma membrane is relatively straightforward to measure due to its accessibility to electrical and chemical probes, that of intracellular organelles is not. The membranes of intracellular organelles enclose lumens of very different ionic compositions from the cytosol, and are therefore expected to maintain distinctive membrane 35 potentials (6) . In fact, electrophysiology on purified mitochondria and lysosomes separated from disrupted cells have revealed that their membrane potentials are -140 mV (lumen negative) and +100 mV (lumen positive) respectively (7, 8) compared to -70 mV (cytosol negative) for the plasma membrane of a resting cell. Electrophysiology on isolated organelles indicate that membrane potential could be a 40 major regulator of organelle function (9) . The mitochondrial membrane potential generated by the Krebs cycle is harnessed to transport ions and charged compounds between the cytosol and the mitochondrial lumen (10) . Its high negative membrane potential changes in concert with cellular metabolism thereby regulating mitochondrial fission and fusion (11, 12) . In fact, depolarized mitochondria cannot undergo effective fusion, and are degraded by mitophagy (13) .
Lysosomes harbor several voltage-gated ion channels and transporters, the functions of many of which are still unknown (16, 17) . Electrophysiology of isolated lysosomes reveal that membrane potential regulates lysosomal functions such as the refilling of its lumenal calcium (14) or its fusion with other organelles (15). Importantly, the role of membrane potential in the function of several intracellular organelles 5 cannot be addressed as they are not amenable to electrophysiology and there is a paucity of organelle-specific probes (8). Genetically-encodable voltage indicators based on fluorescent proteins are desirable due to their non-invasive nature. However, such probes introduce a capacitive load on the membrane as follows. Generally, they report on membrane potential by repositioning themselves within the membrane depending on their charge state that changes as a 10 function of membrane potential. Thus, the introduction of several probe molecules increases the capacitive load on the membrane, thereby altering the true current versus voltage characteristics of the membrane. Thus, protein-based indicators are incompatible with smaller organelles as their high capacitive loads and overexpression could significantly alter organellar membrane potential (22) . Further, the pH sensitivity of fluorescent proteins limits their applicability in 15 organelles where lumenal pH and membrane potential are codependent (21) . In contrast, electrochromic hemicyanine dyes and photoinduced electron transfer (PeT) based voltage sensitive dyes are particularly attractive due to their low capacitive loads, high temporal resolution, photostability and response range (18, 19) . However, unlike proteins, voltage sensitive dyes cannot be targeted to specific organelles (20) . 20 We have created a DNA-based, organelle-targetable, ratiometric voltage indicator called Voltair, with which we can non-invasively measure the membrane potential of specific organelles in live cells. DNA is a versatile, programmable scaffold that is highly suited to chemically imaging living systems (23) (24) (25) (26) (27) . A range of detection chemistries displayed on DNA nanodevices have been used to quantitatively map diverse analytes in living systems (26) (27) (28) (29) . By 25 leveraging the precise stoichiometry of DNA hybridization, one can incorporate a reference fluorophore and the desired detection chemistry in a well-defined stoichiometry to yield ratiometric probes (30). Further, one can display molecular trafficking motifs on DNA nanodevices and localize the latter within sub-cellular organelles (26, 31, 32) .
By targeting Voltair to the endo-lysosomal pathway using scavenger receptor-mediated 30 endocytosis, we measured the membrane potential of the early endosome, the late endosome and the lysosome in live cells. We could thereby measure changes in membrane potential that occur as a function of endosomal maturation, which has not been previously possible. We then reprogrammed Voltair to engage either the transferrin receptor or furin and thereby localize in either the recycling endosomes or the trans-Golgi network. We could thus measure the 35 membrane potential of the recycling endosome and trans Golgi network in live cells. Thereafter we demonstrate the capacity of Voltair to provide new insights in two contexts. In the first example we measure the contribution of the electrogenic Vacuolar H + -ATPase to the membrane potential of recycling endosomes and trans Golgi network. In the second, we describe a new role for lysosomal membrane potential in transducing how the cell 40 senses nutrient depletion. Using Voltair we show that mTORC1 dissociation reduces lysosomal membrane potential by opening the TPC channel. The low lysosomal membrane potential promotes the activity of the voltage-gated K + channel Slo1 which releases lysosomal Ca 2+ via feedback with the TRPML1 channel to initiate lysosome biogenesis. The ability to measure membrane potential in intact live cells was essential to establish this molecular connectivity.
Design and Characterization of Voltair devices
Our Voltair probes comprise a 38-base pair DNA duplex with three functional modules ( Fig 1A and Table S1 ). The first module, denoted Dv, is a 38-mer single-stranded DNA conjugated at its 3′ end to a previously characterized voltage sensing dye (RVF), using click chemistry described in Materials and Methods ( Fig S1-S4) (33, 34) . The fluorophore in RVF is 5 quenched by photoinduced electron transfer (PeT) due to hyperconjugation with the lone pair of electrons on its dimethyl aminobenzyl moiety ( Fig 1B) (18) . When a potential difference is applied along the long axis of RVF, the local electric field modulates electron transfer, and therefore quenching, which affects RVF fluorescence (33) . Specifically, plasma-membrane depolarization decreases electron transfer and increases fluorescence compared to that at resting 10 potential ( Fig 1A, Movie S1). RVF has high photostability, no capacitive load, pH insensitivity from pH 4.5 -7.5, which makes it suitable to interrogate diverse membranes at different physiological pH ( Fig S5) (35, 36) .
The second module in Voltair probe is a reference dye, that is insensitive to membrane potential. Including the reference dye corrects for intensity changes due to different sensor 15 concentrations arising from non-uniform cellular uptake. Thus, ratiometric measures of RVF and reference dye intensities are proportional only to membrane potential. The reference dye, Atto647N, is attached to the 5′ end of DA and is chosen for its high photostability, negligible spectral overlap with RVF, insensitivity to pH, voltage and other ions (red circle, Fig 1A) .
The third module in Voltair probe variants comprises a targeting moiety to efficiently 20 localize the probe, either at the plasma membrane, or in intracellular membranes of specific organelles. The Voltair PM variant has a targeting motif that localizes Voltair to the plasmamembrane by chemically conjugating the 5′ end of DT to 1-palmitoyl-2-oleoyl-sn-glycero-3phosphoethanolamine (POPE) moiety via a tetra-ethylene glycol linker (37) . When Voltair PM is added to the culture media, the POPE moiety inserts into the outer leaflet of the plasma 25 membrane, anchoring Voltair PM to the cell surface ( Fig 1C, S6) . Thus, RVF is inserted in a defined orientation with respect to the membrane potential vector, and the anionic DNA duplex prevents any potential flipping of the RVF moiety in the membrane. In order to target Voltair to intracellular membranes, we used the Voltair IM variant which leverages the inherent ability of duplex DNA to serve as a ligand for scavenger receptors (38). 30 The DNA-based targeting motif imposes an over-riding trafficking signal that enables probe internalization into a specific intracellular organelle. The DNA duplex binds scavenger receptors at the plasma-membrane and undergoes scavenger receptor-mediated endocytosis, trafficking to early endosomes, which mature to late endosomes, and finally to lysosomes, in a time-dependent manner (25) . Both Voltair probes were assembled by annealing equimolar amounts of the 35 component strands to yield probes with a precise 1:1 stoichiometry of the sensing dye (RVF) and reference dye (Atto647N). The formation and integrity of Voltair PM and Voltair IM were confirmed using gel electrophoresis, which indicated >99% yield ( Fig S3) . Both Voltair PM and Voltair IM report on membrane potential by sequentially exciting RVF and Atto647N and monitoring their emission intensities at λem = 540 nm (G for RVF) and λem = 665 nm (R for 40 Atto647N) ( Fig S4) . We describe later in detail how the targeting motifs work to successfully localize the Voltair probes selectively at the plasma membrane or inside an organelle.
We first characterized the voltage-sensitive response of Voltair PM using whole-cell voltage clamping using the set-up described in Fig S7 (methods) (39) . The plasma membrane of HEK 293T cells was efficiently labeled by Voltair PM , as seen by colocalization with the 45 membrane stain Cellmask TM (Fig. 1C, S6 ). Next, a single Voltair PM labeled cell was voltage clamped from -100 mV to +100 mV, at increments of 10 mV, and fluorescence images of RVF (G channel) and Atto647N (R channel) were sequentially acquired at each clamped voltage, from which the pseudo-colored G/R images were generated as described ( Fig 1D, methods) . Notably, the whole-cell intensity of images in the G channel changed as a function of the applied voltage, while the R channel was constant ( Fig S8, Movie S2 ). Unclamped cells showed negligible 5 variation in either channel. The uniform 1:1 ratio of RVF: Atto647N in Voltair PM yield highly reproducible G/R values as a function of applied voltage as seen in the calibration plot of Voltair PM (Fig 1E) . The fold change in G/R signal from 0 mV to +100 mV (∆G/R) was found to be 1.2 for Voltair PM which matched well with that of unmodified RVF (33) ( Fig 1F) . Based on the G/R value obtained for resting cells labeled with Voltair PM , we found the resting potential to 10 be -50 mV using the calibration profile, consistent with previous measurements (40) ( Fig 1G, H) .
Targeting Voltair IM to membranes of specific endocytic organelles
Given the favorable reporter characteristics of Voltair PM we then localized the variant, Voltair IM , in organelles along the endo-lysosomal pathway using scavenger receptor mediated 15 endocytosis (Fig 2A) . HEK 293T cells do not express scavenger receptors (41) . While this is ideal for plasma membrane immobilization of Voltair PM , it disfavors endosomal uptake of Voltair probes. Therefore, we over-expressed human macrophage scavenger receptor (hMSR1) fused to CFP in HEK 293T cells by transient transfection. Transfected cells effectively endocytosed Voltair IM through receptor-mediated endocytosis ( Fig 2B-C) . Colocalization 20 between hMSR1-CFP and Voltair IM revealed that its uptake occurred through the scavenger receptor pathway ( Fig 2B) . This was reaffirmed by competing out Voltair IM uptake using excess maleylated BSA, a good ligand for scavenger receptors (Fig 2C, S9) (42) .
We then determined the timepoints of localization of internalized Voltair IM at each stage along the endo-lysosomal pathway in HEK 293T cells ( Fig 2D-E ). For this, we performed time- 25 dependent colocalization experiments with various endocytic markers. Briefly, HEK 293T cells expressing hMSR1 were pre-labeled with endocytic markers i.e., Alexa546-labeled transferrin, Rab7-mRFP and TMR-Dextran, that labeled early endosomes, late endosomes or lysosomes, respectively (43, 44) . These cells were then pulsed with singly-labeled Voltair IM . Colocalization was monitored as a function of different chase times ( Fig 2D-E, S10 ). We found that Voltair IM 30 localized in early endosomes at ~10 min, in late endosomes at ~60 min, and in lysosomes at ~120 min. In Voltair IM , the RVF moiety functions both as a voltage sensitive dye as well as a lipid anchor that tethers Voltair IM to the lumenal face of the organelle membrane ( Fig S11) . In parallel, the duplex DNA moiety allows scavenger receptor binding and also allows RVF insertion into the intracellular membrane surrounding the receptor, and therefore overrides the 35 affinity of RVF to the plasma membrane ( Fig S12) . Thus, integration onto a duplex DNA scaffold successfully imposes the scavenger receptor-mediated endocytic program on to RVF.
Calibration of Voltair probes in intracellular organelles
Next, we mapped the response characteristics of Voltair in intracellular membranes. To 40 achieve this, we developed a method to substitute the cytosol with buffer of a desired composition without affecting the integrity of fluorescently labeled lysosomes ( Fig S13, S14 ). This uses digitonin treatment of labeled cells in the presence of a buffer of desired ion concentrations. Digitonin treatment creates 30 nm wide pores on the plasma membrane through which small molecules such as ATP and ion content of the cytosol and the external buffer rapidly 45 equilibrate ( Fig 3A) (45) . Further, lysosomal pumps and transporters are functional, lysosomal membrane integrity is preserved thus enabling the active maintenance of lysosomal membrane potential in these digitonin treated cells. We constructed an in-cell calibration plot of membrane potential which reveals that reporter characteristics of Voltair IM in intracellular membranes quantitatively recapitulates that of Voltair PM at the plasma membrane ( Fig 3B) . To achieve this, we labeled lysosomes with 5 Voltair IM and, using digitonin treatment, substituted the cytosol with buffers containing specific ionophores that have previously been shown to create well-defined values of membrane potential in isolated lysosomes. Valinomycin (50 µM) results in a membrane potential of +40 mV considering the lumen to be positive (46) , a cocktail of valinomycin and monensin (50 µM) with 150 mM K + neutralizes lysosomal membrane potential (47), while FCCP (50 µM) in the absence 10 of ATP creates a membrane potential of -90 mV across the lysosomal membrane (48) . G/R values for ~50 Voltair IM labeled lysosomes for each of these conditions were plotted as a function of the expected lysosomal membrane potential (Fig. 3B, S15 ). Voltair IM shows 25%fold change in G/R signal per 100 mV, which is highly consistent with the reporter response of Voltair PM (Fig. 3B ). We use the calibration profile of Voltair IM to compute the membrane 15 potential of any intracellular organelle.
We then confirmed that this intracellular calibration plot was indeed reliable, by measuring lysosome membrane potential in situ before and after inhibiting V-ATPases and comparing our results with previous measurements on isolated organelles from disrupted cells. The electrogenic proton pump V-ATPase hydrolyses ATP to acidify organelles and thereby 20 generates membrane potential across organelle membrane (49). Inhibiting V-ATPase with bafilomycin stops proton transport and this is theoretically expected to neutralize lysosomal membrane potential (49, 50). This has indeed been observed in the case of purified synaptic vesicles (51). We found that Voltair IM labeled lysosomes showed a large increase in G/R values in the presence of bafilomycin (1 µM) as compared to that in untreated cells, revealing that 25 lysosomal membrane potential was indeed dissipated by inhibiting V-ATPase (Fig 3C-D) . From the in-cell calibration plot ( Fig 3B) , this change corresponded to a difference of -90 mV from the resting membrane potential and is highly consistent with other studies on V-ATPase regulated synaptic vesicles (51). (Fig 3C-D) .
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Membrane potential as a function of endosomal maturation
We then measured the resting membrane potential of endocytic organelles in intact, live cells as a function of endosomal maturation. Early endosomes, late endosomes and lysosomes were each specifically labelled with Voltair IM , as described earlier in Figure 2D (Fig S16) . Fluorescence images in the G and R channels were acquired and the G/R values of ~200 35 organelles were computed for each endosomal stage ( Fig 3D-E, S17 ). Figure 3F shows the distribution of G/R values at each stage along the endocytic pathway and from the intracellular calibration plot we could determine the corresponding organelle membrane potential (Fig 3E,  S17 , S18) Considering the lumen to be positive and the cytoplasmic face as negative, the membrane potential of lysosomes (VLy) was found to be +100 mV. This is in line with other 40 electrophysiological studies of lysosomal membrane potential in different cell types that were found to range between +30 mV to +110 mV (8). However, no such measurements exist for early or late endosomes. Measurements with Voltair IM revealed the membrane potential of early endosomes (VEE) and late endosomes (VLE) to be +130 mV and +40 mV respectively (Table S2) .
Surprisingly the gradient of membrane potential accompanying endosomal maturation 45 did not reflect that of many known ions ( Fig 3G) . The concentrations of protons, chloride and calcium increase progressively during endosomal maturation ( Fig 3G) . In contrast, membrane potential is highest in the early endosome, drops ~3 fold in the late endosome and increases again in lysosomes. With respect to cytoplasmic concentrations, the levels of lumenal [Ca 2+ ] and [Cl -] for the early endosome or the lysosome, are very similar i.e., ~10 2 -10 3 fold higher [Ca 2+ ], 1-2-fold higher [Cl -] ( Fig 3G) (26, 52) . However, the lysosome lumen has ~10 3 fold higher [H + ], 5 while the early endosome lumen has only ~10 fold higher [H + ] than the cytosol (25) . Yet the observed membrane potentials for both these organelles are consistent with the lumenal face of the lysosome being less positive, rather than more positive, compared to the early endosome (VEE = +130 mV; VLY = +100 mV). Considering the low abundances of other free ions, this provides a compelling case for Na + and K + transporters or exchangers in maintaining the high 10 positive membrane potential of the early endosome. In fact, late endosomes are posited to contain high K + , which is consistent with our observations (53) . Our hypothesis is supported by observations at the plasma membrane. The differences in [Ca 2+ ] and [Cl -] across the plasma membrane are comparable, yet its membrane potential is set by the differences in [Na + ] and [K + ] across the membrane (54, 55) .
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Membrane potential of organelles along recycling and retrograde trafficking pathway
We then showed that Voltair reporters can interrogate organelles beyond the endolysosomal pathway. We re-designed Voltair to give Voltair RE and Voltair TGN that could access the recycling and retrograde pathways and measure the membrane potential of the recycling 20 endosome and the trans-Golgi network respectively. These organelles have been only hypothesized to have membrane potential which is thought to be regulated by the electrogenic activity of vacuolar H + -ATPases. Voltair RE , displays an RNA aptamer against the human transferrin receptor ( Fig S20) (26) and was uptaken by the transferrin receptor pathway. Voltair RE was trafficked to recycling endosomes and evidenced by co-localization with Alexa 546 labelled 25 transferrin (Fig 4A, B) . Voltair TGN was targeted to the trans-Golgi network in HEK 293 cells expressing furin fused to a single-chain variable fragment recombinant antibody, ScFv (24, 31) . The ScFv domain selectively binds any DNA duplex containing a d(AT)4 sequence. Voltair TGN included a d(AT)4 sequence in the duplex so that the ScFv-Furin chimera acts as a carrier protein for the former. Voltair TGN is thus trafficked along the retrograde pathway localizing in the trans 30 Golgi network evidenced by clear colocalization with TGN46-mCherry and absence of colocalization with endocytic organelles (Fig 4C, D, S21) .
We then measured the resting membrane potential of the recycling endosome and trans-Golgi network, neither of which has been previously possible, and evaluated the contribution of V-ATPase to membrane potential in each organelle. Voltair RE labelled cells were imaged in the G 35 and R channels, and G/R values of ~50 recycling endosomes were computed (Fig 4E, F) . We found that the membrane potential of recycling endosome (VRE) was +55±11 mV (lumen positive), similar to plasma membrane (cytosol negative). When V-ATPase activity was inhibited by treating cells with 500 nM bafilomycin, the membrane potential VRE showed no change revealing a negligible contribution of V-ATPase in these membranes (56) . The magnitude and the V-ATPase 40 dependence of membrane potential in the recycling endosome mirrors that of the plasma membrane, indicating that both membranes share similar electrical characteristics.
Voltair TGN labelled cells were similarly imaged and G/R values of the TGN in ~30 cells was computed, we found that the membrane potential of the trans Golgi network (VTGN) was +103±16 mV (lumen positive) (Fig 4E, F) . The high membrane potential of the trans-Golgi 45 network is surprising as the Golgi has been envisaged to have negligible membrane potential, since its high permeability to K + ions could electrically balance the H + influx needed to acidify its lumen (57) . In contrast to what we observed for recycling endosomes, V-ATPase inhibition substantially reduced VTGN. However, unlike in lysosomes, the membrane potential of the TGN could not be completely neutralized and still showed +65 ± 10 mV across the membrane. This suggests that other electrogenic transporters at the TGN, possibly Na + /K + ATPases could significantly 5 contribute to the VTGN (58) (59) (60) .
mTORC1 recruitment to the lysosome alters lysosomal membrane potential
We then explored the capability of our probe technology to deliver new insights into more well-investigated problems. The absence of nutrients in the cell is sensing by mammalian 10 target of rapamycin complex (mTORC1) to initiate lysosome biogenesis and upregulate autophagy (61) . Normally, mTORC1 is present on lysosomes where it regulates the activity of diverse lysosomal proteins (62). When nutrient levels plummet mTORC1 dissociates from the lysosome which triggers the release of lysosomal Ca 2+ through the TRPML1 channel and initiate lysosomal biogenesis (63) . How mTORC1 dissociation actually activates the TRPML1 channel 15 is not yet understood (64) . We show a new role for lysosomal membrane potential, where it transduces mTORC1 dissociation to TRPML1 through the voltage dependent channel, Slo1 ( Fig  5A) .
While on the lysosome, mTORC1 inhibits the Two Pore Channel (TPC) (65). Although TPC channel activation has been shown to depolarize the lysosome(15, 66) there is no direct 20 evidence that mTORC1 dissociation could cause lysosome depolarization in intact cells. We therefore triggered mTORC1 dissociation by inhibiting mTORC1 with Torin-1 (67). Torin-1 (1 µM) treatment dramatically reduced lysosome membrane potential (VLy)from +100 mV to +40 mV ( Fig. 5 B, C) . When the experiment was repeated in the presence of the TPC channel inhibitor trans-ned-19 (TN-19, 1 µM) (68), we observed only a minor reduction in VLy from 25 +100 mV to +75 mV, indicating that indeed lysosome depolarization due to mTORC1 dissociation in cells is mediated mainly by the TPC channel.
We then considered whether the extensive depolarization of the lysosome caused by mTORC1 dissociation could affect a voltage-gated channel downstream. Slo1 is a lysosomal BK channel, responsible for K + influx into the lysosome, which, if activated would make the lumenal 30 face of the lysosomal membrane more positive and increase VLy (69) . In parallel, studies on the plasma membrane BK channel indicate that the cytosolic Ca 2+ binding domain and voltage sensitive S4 domain respond to high cytosolic Ca 2+ and low membrane potential to drive K + transport (70). Thus, we posited that lysosome depolarization could modulate Slo1 activity that, could drive lysosomal Ca 2+ release by feedback with the TRPML1 channel (14, 69) . 35 By measuring membrane potential in the presence of chemical modulators of Slo1 and TRPML1 channels, we find that lysosome depolarization promotes Slo1 activity which triggers TRPML1 channel opening. We used NS1619, which is a small molecule that opens Slo1 by left-shifting its half-activation voltage (V0.5) (68, 71) . In other words, NS1619 causes Slo1 to open only at lower VLy (14) . In the presence or absence of NS1619, Voltair IM labeled lysosomes 40 VLy remained invariant. This is expected, because the large positive VLy values of mTORC1associated lysosomes should render NS1619 ineffective at opening Slo1. Thus, in mTORC1associated lysosomes Slo1 is inactive and likely requires a considerable drop in VLy and/or elevation in cytosolic Ca 2+ to open.
We therefore elevated cytosolic Ca 2+ in the vicinity of Slo1 by adding ML-SA1, a 45 TRPML1 channel activator that releases lysosomal Ca 2+ (Fig 4D) (72) . We found that this lowers VLy to +20 mV. We then checked whether these depolarized conditions promoted the opening of Slo1 by adding NS1619, which if effective, would be expected drive VLy to more positive values. Interestingly, treating cells with NS1619 in the presence of ML-SA1 indeed shifted VLy to +60 mV. This revealed that Slo1 was clearly now responsive to NS1619, as it drove VLy up by +40 mV. Thus, opening the TRPML1 channel releases lysosomal Ca 2+ depolarizing the lysosome and 5 promoting the activity of Slo1 (Fig 5D) . By analogy we considered whether opening the TPC channel, which also depolarizes the lysosome by releasing lysosomal Na + , could similarly activate Slo1. Importantly, when cells were treated with both Torin-1 and NS1619, Voltair IM labeled lysosomes showed that VLy was driven up to +75 mV, i.e., an increase of 35 mV in the positive direction. This indicated that 10 NS1619 was highly effective at opening Slo1. Treating cells with ML-SA1 and Torin-1 dramatically depolarized lysosomes, with VLy values reaching as low as -5 mV. Again, addition of NS1619 to the cocktail repolarized lysosomes to VLy +40 mV, i.e., an increase of 45 mV in the positive direction. This confirms that lysosomes mTORC-1 dissociation depolarizes lysosomes, and the low membrane potential causes the voltage-dependent channel Slo1 to open. 15 Then Slo-1, through feedback, causes the TRPML1 channel to release lysosomal Ca 2+ and initiate lysosome biogenesis.
Summary:
Protein-based voltage indicators while powerful, have limited applicability to organelles, 20 due to their pH sensitivity and capacitive load, as organelles are both small and acidic. Voltage sensitive dyes have low capacitive loads and are also pH insensitive, but, on their own, cannot be targeted to organelles. In contrast, Voltair probes succeed because they unite the advantages of voltage sensitive dyes with the organelle-targetability of proteins to non-invasively measure the membrane potential of organelles. These reporters leverage the 1:1 stoichiometry of DNA 25 hybridization to integrate the following functions with stoichiometric precision: (i) a voltage sensing function using voltage sensitive dyes (ii) an internal reference dye for ratiometric quantitation and (iii) an organelle targeting function for stable organelle localization.
Using Voltair probes we provide direct evidence that when mTORC1 dissociates from the lysosome, it reduces the membrane potential of the lysosome by relieving its inhibition of the 30 TPC channel. The depolarized the lysosomal membrane promotes the opening of the voltage gated Slo1 channel that, through well-documented feedback with the TRPML1 channel, facilitates the release of lysosomal Ca 2+ (14, 63) . mTORC1 inhibition sequesters essential amino acids within the lysosome in a highly coordinated manner by impeding their transport across the lysosomal membrane (73) . 35 Conversely, while resident on the lysosome, mTORC1 facilitates the simultaneous transport of several amino acids from the lysosome into the cytosol (74). Thus, mTORC1 has been postulated to modulate the overall nature of the lysosome, adapting it from degrade-and-recycle mode to storage mode (73) . Such adaptation would require mTORC1 to simultaneously modulate multiple transporters and channels on the lysosome. This can be now envisaged 40 through the ability of mTORC1 to alter lysosomal membrane potential, given that our in-cell membrane potential measurements reveal a change large enough to modulate the function of voltage gated ion channels such as Slo1.
Voltair probes combine the attractive reporter characteristics of small molecule voltage sensitive dyes along with the organelle targetability of endocytic tracers. This hybrid technology 45 now enables non-invasive, in situ mapping of membrane potential for a range of sub-cellular organelles. For many of these organelles, the endogenous membrane potential was unknown. We have now mapped membrane potential changes that occur during endosomal maturation by addressing organelles on the endolysosomal pathway. Our studies reveal that the early endosome and the lysosome have membrane potentials (lumen positive) as high as +134 ± 17 mV and +100 ± 13 mV, while the late endosome shows a much lower membrane potential of +40 ± 5 mV. 5 These measurements provide compelling evidence for either Na + or K + in establishing the high membrane potential of the early endosome.
Recycling endosomes showed a high degree of similarity with the plasma membrane in terms of the magnitude of the membrane potential as well as its dependence on V-ATPase. The membrane potential of the trans Golgi network, previously hypothesized to be negligible, is 10 revealed to be as high as the lysosome. Yet, unlike the lysosome, it is not completely driven by V-ATPase. Non-invasively interrogating membrane potential in organelles that have proved previously impossible to address, offers the capacity to uncover how these organelles exploit membrane potential to regulate their function.
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